The improvement caused by eucalypt chip impregnation on kraft pulping performance was assessed for terminating the cook at kappa in the range of 15-27 and at controlled residual effective alkali (REA) of 6-8 g/L NaOH. Extended impregnation cooking of eucalypt chips (EIC) increased about 1 % lignin-and HexA-free screen yield gains in relation to conventional cooking (CC), regardless of kappa number in the range of 15-27. The EIC technology allows for cooking eucalypt wood to kappa number up to 27, without rejects production, but without significant improvement in lignin-and HexA-free screen yield and with larger chlorine dioxide (ClO 2 ) consume during bleaching. The optimum kappa number for both CC and EIC cooking was about 19 with similar refinability and strength properties for both technologies, CC and EIC. It was concluded that extended impregnation cooking is an attractive technique for enhancing bleached eucalypt Kraft pulp yield.
Introduction
Clonal eucalypt plantations have emerged as the most important source of wood for bleached market pulp production in tropical areas. The excellent characteristics and great uniformity of these fiber sources for printing and writing and, especially, for tissue grade pulps have made them the preferred ones in the market place. However, be-ing a commodity, such pulps are always under great price pressure. Minimizing production costs is a goal always sought after by the manufacturing sector. The cost of eucalypt wood has grown largely in the last decades mainly due to increased labor cost and land price. Therefore, techniques that improve cooking yield have become ever more relevant to save wood, with the additional benefit of improving mill throughput. Another relevant pulp production cost is the bleaching chemicals, sometimes being the second in the overall cost composition of pulp production. These two factors alone are great incentives to investigate new techniques that enhance wood pulping ability and pulp bleachability.
Eucalypt wood cooking for production of bleachable grade pulps is usually terminated at kappa number in the range of 15-20, which is the so-called wood defibration point for this wood, and coincides with that of most hardwoods. However, there could be considerable variation among different eucalypt wood species regarding their defibration points depending upon wood density, lignin/extractives contents and lignin structure, particularly the syringyl/guaiacyl (S/G) ratio (Colodette, Gomes 2015) . In principle, terminating the cook at a higher kappa number results improved yield (Colodette et al. 2007; Wedin et al. 2010) . This would require raising the well-known defibration point from kappa 15-20 to higher values. Many studies have addressed this issue (Colodette et al. 1995; Colodette et al. 2007; Näsman et al. 2007; Wedin et al. 2010; Hart et al. 2011; Bosquê Junior et al. 2015) . Hart et al. (2011) indicate that longer chip impregnation time minimizes pulp reject content, a fact explained by the good penetration of the active cooking chemicals and homogeneous delignification. According to Gullichsen et al. (1992) the impregnation of wood chips is influenced by many factors, namely: (i) wood-chip quality and size; (ii) steaming pressure; and (iii) impregnation time/temperature and liquor-to-wood ratio. Thicker chips need longer impregnation time (Gullichsen et al. 1992 ) and long chip impregnation at lower temperature improves both softwood and hardwood pulp uniformity and minimizes reject content (Karlström 2009; Wedin et al. 2010; Bosquê Junior et al. 2015) . High steam pressure improves impregnation (Malkov et al. 2003 ).
According to Wedin et al. (2010) , extended impregnation is impregnation at a lower temperature, longer time and higher liquor-to-wood ratio (as compared to a "standard" impregnation); this method favors the diffusion of the cooking chemicals into the wood chips over the alkali-consuming carbohydrate reactions. This very principle was used in the current study aiming at improving eucalypt Kraft pulping performance.
The objective of this work was enhancing eucalypt cooking performance by extending the time of chip impregnation at mild conditions in order to allow for terminating the cook at kappa numbers higher than usual. Pulps of kappa numbers in the range of 15-27 at controlled residual effective alkali (REA) of 6-8 g/L NaOH were produced using conventional and extended impregnation cooking. Delignification was performed using more selective delignification techniques and the results were compared regarding to yield, bleachability and strength properties.
Materials and methods

Material
Wood chips were prepared from a 7-year-old commercial eucalypt wood clone (hybrid of Eucalyptus urophylla x Eucalyptus grandis). The 50-cm long logs, extracted at 0, 25, 50, 75 and 100 % of the tree height, were chipped in a laboratory equipment (Chogokukikai model, Japan), equipped with 3 knives. Following, the chips were well-mixed in a 2.6 m 3 rotating drum and screened according to SCAM-CM 40:01 procedure (SCAN 2004) . The chips retained in the 3 mm and 7 mm screens were collected and mixed again, air dried to about 15 % moisture and stored in large plastic bags. Wood chemical analyses were carried out on sawdust ground in a knife mill (Wiley Co., USA) and classified and prepared according to the Tappi T264 cm-97 standard (TAPPI 2011).
Impregnation and cooking conditions
The chips were cooked in a tumbling autoclave (Regmed Co., Brazil) to kappa numbers of 15, 19, 23 and 27 at controlled residual effective alkali of 6-8 g/L NaOH. The white liquor was prepared from commercial grade sodium hydroxide and sodium sulphide. Two different cooking procedures were explored, namely: conventional cooking (CC) and extended impregnation cooking (EIC). The conditions used in the two different procedures are presented in Table 1. (15, 19, 23 and 27 ) at a controlled residual effective alkali of 6-8 g/L NaOH. ** After impregnation, a fraction of liquor was removed, titrated and the volume necessary to reach the liquor-to-wood ratio of 3/1 in cooking was calculated and added.
The CC was carried out in a single step whereas the EIC was carried in two phases (impregnation and cooking). At the end of the impregnation phase run at 105°C, a fraction of the spent liquor was removed, titrated and fresh white liquor (NaOH + Na 2 S) was added at a much lower volume proportion so that the liquor-to-wood ratio was reduced from 6:1 to 3:1. It is worth noting that a much lower temperature (145°C) was used in the EIC in relation to the CC one (165°C). The white liquor charge and the time at temperature were controlled in order to meet the kappa number targets of 15-27 at a fixed residual effective alkali (REA) of 6-8 g/L. After both, conventional and extended impregnation cooking, the chips were discharged and disintegrated in a 20 L hydrapulper at 2 % consistency, washed and screened in an equipment (Voith Co., Germany) garnished with a flat screen of 0.2 mm slots. The screen yield and rejects contents were then determined. Samples of black liquor were withdrawn for REA analyses.
Oxygen delignification and bleaching
The pulps were bleached to 90 % ISO brightness with the O-D-(EP)-D sequence. The general bleaching conditions used in each bleaching stage are shown in Table 2 .
The charges of chlorine dioxide (ClO 2 ) applied to the D 0 -and D 1 -stages were varied to achieve the 90 % ISO brightness target for each pulp sample. The ClO 2 charge Bleached pulp were refined at 0, 500, 1,500 and 3,000 PFI revolutions in PFI mill and analyzed regarding to pulp refinability (TAPPI T423 cm-07), bulk, air resistance (TAPPI T460 om-02), opacity (TAPPI 425 om-06) and tensile (TAPPI T494 om-06), tear (TAPPI T414 om-04) and burst strength (TAPPI T403 om-02), T.E.A. index (TAPPI T494 om-06), light scattering coefficient (TAPPI T519 om-96) and M.O.E (TAPPI T494 om-06).
Pulp characterization
General wood and pulp analyses were performed according to Tappi standard procedures (TAPPI 2011). Wood basic density and moisture content, acid-insoluble and acidsoluble lignins were measured according to Tappi standard procedures T258 om-94, T222 om-98 and Tappi Useful Method UM250, respectively (TAPPI 2011). Wood acetone extractives and ash contents were measured according to Tappi T280 pm-99 and T244 om-93 standards, respectively (TAPPI 2011). Wood acetyl and uronic acids were measured according to Scott (1979) and Solar et al. (1987) respectively. Wood metals were determined by atomic absorption spectrophotometry (AAS) (AAnalyst 200, Perkin Elmer, USA) following Tappi T266 om-88 standard (TAPPI 2011) . Wood elemental analysis was carried in a TruSpec CHN, TruSpec O and TruSpec S analyzer manufactured by LECO Co., USA. Wood and pulp carbohydrate analyses were performed by high-performance anion-exchange chromatography (HPAEC) using a pulse amperometric detector in a Dionex machine, model IC E3000 (USA), according to SCAN-CM 71:09 (SCAN 2004) . Black liquor residual effective alkali was measured according to SCAN N2:88 procedures (SCAN 2004) . Forming hand sheet and brightness measurements were carried out according to Tappi T272 sp-97 and T525 om-92, respectively (TAPPI 2011). Pulp kappa number and hexenuronic acid (HexA) contents were measured according to Tappi T236 cm-85 and Tappi T282 pm-07, respectively (TAPPI 2011). Pulp viscosity was measured according to SCAN CM 15:99 procedures (SCAN 2004) . Brightness and bleached pulp brightness reversion were measured according to Tappi T452 om-08 and Tappi UM200, respectively (TAPPI 2011).
Screen yield, lignin-and HexA-free screen yield and hemicellulose (or cellulose) into lignin/HexA-free screen yield were calculated according to Equations 1-3, respectively,
where SY is the screen yield (%), TY is the total yield (%), R is the reject (%), LHexAf Y is the lignin-and HexA-free screen yield (%), Lig is the relative amount of lignin in pulp (%), HexA is the relative amount of hexenuronic acid in pulp (%), X LHexAf is hemicellulose (or cellulose) into lignin/HexA-free screen (%) and X is hemicellulose (or cellulose) content in pulp (%).
Results and discussion
Wood characterization
The main wood characteristics, including elemental analyses, of the eucalypt clone used in this study is shown in (Gomide et al. 2005; Pinto et al. 2005; Colodette et al. 2007; Magaton et al. 2009; Carvalho et al. 2014; Colodette, Gomes 2015) . These wood characteristics, especially those related to the cell wall (i. e., lignin, cellulose and hemicelluloses) were relevant for the pulping yield discussions that are presented in the following sections.
Cooking
The conventional (CC) and extended impregnation cooking (EIC) results to kappa number values in the range of 15-27 are presented in Table 4 . The main goal of the study was determining whether or not extending the chip impregnation for longer times at appropriated conditions would result in more uniform cook with potentially improved yields and less rejects. This matter has been extensively investigated by other workers since the sixties (Kleppe, Kringstad 1964; Colodette et al. 1995; Karlström 2009; Wedin et al. 2010; Bosquê Junior et al. 2015) . The most recent studies that addressed this issue for eucalypt wood have shown great benefit of extending chip impregnation both in laboratory (Wedin et al. 2010 ) and mill scale (Bosquê Junior et al. 2015) . In both studies, the extended impregnation technique has proven effective in allowing termination of the cook in a kappa number higher than usual for eucalypt (kappa > 20), without reject formation. This study followed a similar path used in the previous studies, but focused on understanding why there exist potential yield gains with the extended impregnation. Also, this study established some important ground rules for fair yield comparison between conventional and extended impregnation cooks. To compare yield results in cooking experiments, it is of paramount importance that fair conditions be established, particularly if different kappa numbers are involved. A very old cooking rule states that terminating a cook at high kappa number results in high pulp yield. Although this rule is very true when comparing total pulping yields, it is not so reliable for comparing screened yields (yields without the rejects contribution). Fair comparison requires the use of screened yield and not total yield because rejects are not fibers and they are usually discarded or very poorly reused in subsequent pulping cycles. In addition, if bleached pulp grades are sought after, one must compare the screen yields discounting their contents of lignin and HexA, the so-called lignin and HexA-free screen yield. This is necessary because during bleaching both lignin and HexA are largely removed and their weight shall not be accounted in the yield measurements.
A very important aspect to consider when comparing cooking results is the residual effective alkali (REA) at the end of the cooking cycle. Because pulp mills tend to maintain this number fairly constant throughout their operation, it is of paramount importance that cooking results be compared at similar REA, otherwise the yield results are meaningless. Another important aspect is the kappa number itself. Yield comparisons at different kappa numbers are usually not fair unless only lignin-and HexA-free screen yield is considered and the results are compared at fixed REA. In laboratory experiments, different pulp kappa numbers are usually achieved by changing the effective alkali charged to the digester. Unfortunately, this practice leads to different REA values at the end of the cooks, which make comparisons unfair. To compare yield at different kappa numbers, the REA at the end of the cooks must be similar and only lignin-and HexA-free screen yield must be considered. The only way to meet these constraints is by playing with both effective alkali charge and cooking time-temperature (H-factor) so that at the end of the cook, different kappa numbers are achieved at similar REA. This is exactly what was done in this study and it is a novelty in relation to previous studies. By considering pulps of different kappa numbers and similar REA, it was possible to investigate the impact of kappa number on lignin-and HexA-free screen yield and establish why different kappa numbers produce different yields for conventional and extended impregnation cooks.
The results in Figure 1a shows that regardless of kappa number, the extended impregnation cooks (EIC) produced an average screened yield of about 1 % higher than that of the conventional cook (CC). This gain holds true for the lignin-and HexA-free screen yield as well (Figure 1b) . The kappa number at which the yield maximizes was also similar taking into account conventional screen yield (Figure 1a) or lignin-and HexA-free screen yield (Figure 1b) . However, in the first case scenario, the yield grows steadily and significantly up to the maximum kappa number of 27, whereas in the second case it jumps significantly when going from 15 to 19, but slows down substantially when going from kappa 19 to the higher values of 23 and 27, irrespective of cooking with CC or EIC technology. This illustrates the importance of comparing yield of bleachable grade pulps on the basis of lignin-and HexA-free screen yields since both these products are largely removed in the oxygen delignification and bleaching operation and, therefore, do not account for the final bleached pulp yield.
At kappa number 15, no rejects were observed for both CC and EIC cooks, but yet a superior yield of about 1 % was observed for the EIC cook, indicating that regardless of cooking uniformity, which purportedly was better for the EIC, there was a yield gain due to the extended impregnation. This benefit could be explained by the lower H-factor and lower effective alkali consumption in the EIC cook (145°C) in relation to the CC (165°C) cook to achieve the kappa number 15 (Table 4 ). The yield gains explained by the higher xylan content of the EIC pulps. At kappa number 19, which is the kappa target mostly practiced in modern bleached eucalypt Kraft pulp mills nowadays, the CC resulted 0.5 % rejects indicating lack of cooking uniformity and imperfect impregnation, whereas the EIC showed no rejects. For this kappa target, the screen yield of the EIC cooking was also 1 % higher than that of the EIC cooking, but the total yield was only 0.5 % higher. Raising the kappa number further to 23 increased even more the reject content of the CC pulp to 1.1 % whereas no reject was verified in the EIC pulp; in this case, the screen yield gain due to the extended impregnation was maintained at 1 %, but no positive effect was seen on the total yield. For the kappa number 27, the rejects content increased largely for the CC cook to a value of 1.5 %, but no rejects were seen in the EIC pulp. In this case, the screen yield benefit of about 1 % was maintained, but the total yield was slightly lower (0.6 %) for the EIC pulp in relation to the CC pulp.
It is evident from the results in Table 4 that the major advantage of the EIC cook was its uniformity leading to a rejectless pulp in the 15-27 kappa number range. This brings about a 1 % yield gain, measured either by conventional screen yield or lignin-and HexA-free screen yield, with the additional benefits of minimizing reject handling costs. The pulps produced by the EIC cooking present higher viscosity and higher xylan and HexA contents at a given kappa number, which indicate better carbohydrate preservation. An additional advantage of the EIC cook was the brighter pulp produced (2-3 % ISO), with potential positive impact in the subsequent bleaching operation. The higher brightness of the EIC pulps is explained by their higher content of HexA at a given kappa number (Martino et al. 2013) .
Regarding the impact of increasing kappa number out of digester on yield, one must consider the so-called ligninand HexA-free screen yield. It was observed a gain of approximately 0.2 % yield units/kappa unit, when raising the kappa value from 15 to 19 both for CC and EIC cooking. However, this gain almost disappeared or became irrelevant when raising the kappa from 19 to 23 or from 23 to 27 both for CC and EIC cooks. The insignificant yield gains at kappa values higher than 19 suggest that it may not be worth it exceeding this value for both CC and EIC cooking because of the negative impact of high kappa on the bleaching operation. In summary, the results indicate that regardless of cooking technology, a kappa 19 is the best compromise for the eucalypt wood under investigation. It is worth noting that the optimum kappa to terminate the cook is highly dependent on the wood type as shown elsewhere (Colodette, Gomes 2015) .
The pulp hemicelluloses yields tended to decrease slightly with increasing kappa number (Figure 2a ). This same trend was observed for the pulp HexA content (Table 4). These results are of difficult explanation but have been found by other workers in connection with eucalypt wood (Shin, Strömberg 2003; Colodette, Gomes 2015) . The fact that REA was held constant for all cooks minimized one of the major factors known to affect hemicelluloses retention during Kraft cooking, which is the cook end pH. On the other hand, the higher kappa pulps, especially those of kappa 23 and 27, had larger amounts of lignin and, hence, they must have fewer carbohydrates content, especially regarding to xylan content, in order to keep the 100 % mass balance (see xylan relative content in Table 4 ). Note that the higher lignin-and HexA-free screen yield of both CC and EIC kappa 19 pulps in relation to those of kappa 15 may be explained by their slightly higher cellulose contents (Figure 2b) . Cellulose has been shown to be the most relevant component affecting pulp yield in modified continuous cooking processes (Shin, Strömberg 2003) . It is worth noting that the higher lignin-and HexA-free yields observed for the EIC pulps in relation to the CC ones (Figure 1b) , in the whole kappa range, is explained by their slightly higher yields of hemicelluloses ( Figure 2a ) and cellulose (Figure 2b ).
Oxygen delignification
The oxygen delignification stage produced kappa reductions in the range of 38.1-44.5 % ( Table 5 ). The EIC pulps showed slightly lower kappa reductions across the O-stage than those of the CC pulps when considering the total kappa drop (Figure 3a) . These results are explained by the higher HexA contents of the EIC brown pulps. The HexA hardly react in the O-stage (Colodette, Gomes 2015) and they were negligibly removed (0.4-1.7 %) in this stage (Table 5). If only lignin is considered (Figure 3b) , there was no significant difference between the behaviors of CC and EIC pulps across the O-stage. However, the increase in kappa number negatively impacted the O-stage efficiency. The lignin content decreased in the order of 70-75 % for the kappa 15 pulp whereas it dropped only by about 50 % for the kappa 27 pulp. This result is explained by the lower content of lignin containing free phenolic hydroxyl groups in the higher kappa pulp (Maia, Colodette 2003) . The viscosity drop across the O-stage was higher for the EIC pulps in relation to the CC ones in spite of the fact that oxygen delignification conditions were equal for both types of pulp. In other words, the viscosity gains achieved in the EIC cooking were pretty much lost in the O-stage. In fact, the viscosity of the EIC pulps after the O-stage tended to be lower than those of the CC pulps, except for the kappa 15 case. Results indicated that longer cellulose chains were more prone to be cleaved by the free radicals present in the oxygen delignification reaction. Likewise, the short cellulose chains were less likely to be struck by free radicals, perhaps because they were better hidden in the fiber wall. The viscosity drop across the O-stage tended to be higher for the kappa 15 pulp then for the kappa 19 one, irrespective of the cooking technology. An explanation for this result could be the lower quantities of lignin present in the kappa 15 pulp. Lignin is known to scavenge free radicals (hydroxyl and superoxide) generated in the oxygen delignification stage and these radicals are known to affect pulp viscosity in a negative way (Maia, Colodette 2003) .
The brightness gain across the O-stage was superior for the CC pulps in relation to the EIC ones for the kappa 15 and 19; the opposite was verified for the pulps of kappa 23 and 27. The brightness gains tended to decrease with increasing pulp kappa number for both CC and EIC pulps, a result that was explained by the lower percentage of lignin removal from the higher kappa pulps. Seemingly, the lignin present in the higher kappa pulps is less reactive in the O-stage due to less free phenolic hydroxyl groups and higher molecular weight (Maia, Colodette 2003) .
The original idea proposed by many authors (Leader et al. 1986; Parsad et al. 1994; Colodette et al. 1995; Wedin et al. 2010 ) is that terminating the cook at a kappa number higher than usual and following with the more selective oxygen delignification should result a pulp of higher yield but, above of all, with a post-oxygen kappa only slightly higher than the conventional pulp. It is evident from Table 5 that the O-stage run under the conditions of this study (12 % consistency, 105°C, 90 min, 700 kPa pressure, 2.2 % NaOH, 2.0 % O 2 , end pH > 11) was not able to make out for a high kappa out of digester. Note that the reaction time and temperature were already unusually high for an O-stage, which apparently leaves little room for improvement. But, in any case, further O-stage optimization studies will be required in order to better delignify the higher kappa eucalypt pulps produced by the EIC technology. The double O-stage process is obviously an option but the low reactivity of the pulp by virtue of the high HexA content would be a challenge (Colodette, Gomes 2015) . Table 6 show the ECF bleaching results with the D-(EP)-D sequence for the pulps previously delignified with oxygen, to a target brightness of 90 % ISO. For the conventionally cooked pulps, only the ones of kappa 15 and 19 were considered given the large amount of rejects observed for the other two pulps (kappa no. 23 and 27). All four EIC pulps were bleached since they had no rejects, regardless of kappa number. For both CC and EIC pulps, the increase (Figure 4 ). The final bleached pulp kappa number, HexA content and brightness reversion values for the CC and EIC pulps were similar at the kappa number 15 and 19. The bleached pulp viscosities were in a range acceptable for most applications of eucalypt pulp.
Bleaching
The critical information to extract from Table 6 and Figure 4 is the impact on bleaching chemical costs if kappa number of the EIC pulps is raised from the traditional 19 to values of 23 or 27 since, in principle, it is possible to cook eucalypt wood to those kappa values using the EIC technology.
An increase of about 2 kg ClO 2 /odt pulp was observed when kappa number was increased from 19 to 23, i. e., 0.5 kg ClO 2 /kappa unit. If the kappa is raised from 19 to 27 the ClO 2 demand increases by 6 kg/odt, i. e., 0.75 kg ClO 2 /kappa unit. The additional consumption of ClO 2 both at kappa 23 and 27 seems unworthy given that there was no significant gain on the values of lignin-and HexA-free yield pulping yield when raising kappa number from 19 to 23-27 (Table 4 and Figure 1b) .
Bleached pulp refinability and strength properties
A comparison of kappa 19 for CC and EIC pulps regarding their refinability, bulk, air resistance, opacity and tensile, tear and burst strengths and modulus of elasticity as a function of PFI revolutions are presented in Figure 5a -h, respectively. In general, there were no significant differences in refinability between the CC and EIC pulps at kappa number 19 (Figure 5a ), i. e., the number of PFI revolutions required to achieve a certain°SR value was in the same range for the two pulps (overlapping curves in Figure 5a ). The curves describing bulk, air resistance and opacity as a function of PFI revolutions also showed great similarity between the two pulps. The trends observed for tensile, tear and burst strength were also about the same for the two pulps. Thus, it is inferred that the CC and EIC pulps are comparable regarding their refinability, drainability and physical properties, in addition to have quite acceptable viscosities. Studies with modified continuous cooking have indicated the relevant effect of cellulose on pulp strength properties (Shin, Strömberg 2005) . Although the EIC pulp presented slightly higher cellulose and hemicelluloses contents in relation to the CC one, those differences were apparently insufficient to cause changes on pulp properties.
Conclusions
The extended impregnation cooking (EIC) of the eucalypt wood investigated results about 1 % lignin-and HexA-free screen yield gains in relation to conventional cooking (CC), regardless of kappa number in the range from 15-27. The optimum kappa number for both CC and EIC cooking of such eucalypt wood is about 19. The EIC technology allows for cooking eucalypt wood to kappa number up to 27, without rejects, but such practice does not significantly improve lignin-and HexA-free screen yield and causes large increase on ClO 2 demand for pulp bleaching. The refinability and strength properties of the CC and EIC pulps of kappa 19 were similar. 
